(Lujan center), Flight Path 5 beam line and continues to be refined. Applications include: imaging of metallic and ceramic nuclear fuels, fission gas measurements, tomography of fossils and studies of dopants in scintillators. The technique provides the ability to characterize materials opaque to thermal neutrons and to utilize neutron resonance analysis codes to quantify isotopes to within 0.1 atom %. The latter also allows measuring fuel enrichment levels or the pressure of fission gas remotely. More recently, the cold neutron spectrum at the ASTERIX beam line, also located at Target 1, was used to demonstrate phase contrast imaging with pulsed neutrons. This extends the capabilities for imaging of thin and transparent materials at LANSCE. In contrast, high-energy neutron imaging at LANSCE, using unmoderated fast spallation neutrons from Target 4 [Weapons Neutron Research (WNR) facility] has been developed for applications in imaging of dense, thick objects. Using fast (ns), time-of-flight imaging, enables testing and developing imaging at specific, selected MeV neutron energies. The 4FP-60R beam line has been reconfigured with increased shielding and new, larger collimation dedicated to fast neutron imaging. The exploration of ways in which pulsed neutron beams and the time-of-flight method can provide additional benefits is continuing. We will describe the facilities and instruments, present application examples and recent results of all these efforts at LANSCE.
Introduction
More than 80 years after the first neutron image was produced [1, 2] and 70 years after publication [1, 3] , advances in accelerator and, potentially, laser-driven neutron sources, as well as in detector technology and computing are creating imaging capabilities that are unique, powerful and complementary to X-ray and charged particle imaging. The availability of nuclear reactors in the 1960's started the wider development of thermal neutron imaging. The status of the field in 1965 was described by Berger [4] . The 1980's and 1990's, with the advent of spallation neutron sources, were a time of testing for high-energy neutron imaging but spatial resolution and system efficiency were often not sufficient. Most of the techniques and equipment now being used quite effectively were under development 20 years ago [5] . In the early 2000's very successful thermal neutron imaging programs were underway at PSI [6] , FRM-2 [7] , HZB [8] and NIST [9] , with cold neutron advancements following [10] . More recently, neutron imaging is also available at J-PARC [11, 12] , ISIS [13] and other reactor and accelerator facilities with support from universities, government laboratories and companies.
The International Atomic Energy Agency (IAEA) maintains a list of reactor-based radiography facilities [14] and a recent publication by Lehmann [15] describes both spallation-neutron-source-based imaging facilities and reactor-based facilities. A detailed discussion and timeline for thermal neutron imaging development are provided in [2, 16] . Of particular interest in this article is the development of time-of-flight (TOF) neutron imaging, also called energy-selective or energy-resolved neutron imaging. Early work on TOF neutron imaging at cold neutron energies was demonstrated in 1997 at LANSCE [17] and soon after in Japan [18] . While LANSCE was a neutron user facility since its inception in the 1980s [19] , neutron imaging as described here became available only recently. The LANSCE User Program description and access is available on the web at http://lansce.lanl.gov/.
Non-destructive analysis techniques have been important at Los Alamos since the laboratory's creation. Neutron radiography with thermal neutrons was performed for many years using the Omega West Reactor with routine use starting in 1976 [20, 21] . The reactor was decommissioned in 1994 after almost 40 years of service. Numerous conventional and task specific Figure 1 . Neutron radiograph taken with a single laser-driven pulse at the TRIDENT laser at LANL (after [34] ). The radiation penetrated a thick aluminum chamber window before reaching the objects and detector. The detector was an a-Si flat panel with a polypropylene plus ZnS:Cu neutron converter/scintillator. Objects from left to right include, a stainless steel and brass vacuum valve, a Ta and polyethylene line pair gauge sitting on top of a polyethylene step wedge, a steel, aluminum and polyethylene phantom and a tungsten wedge. The left side objects show greater blur due to the angle of neutron emission from the source.
Materials and Methods
The LANSCE accelerator is an 800 MeV proton linear accelerator. A description of the facility and the neutron production targets is given by Lisowski and Schoenberg (2006) [32] and by Lisowski et al. (1990) [33] . A schematic overview of the facility is given in Figure 2 . Two neutron production targets are routinely used. Target 1 is moderated by both water (thermal) and liquid hydrogen (cold) moderators with a total of 16 flight paths. Target 4 is an unmoderated neutron production target for high-energy (0.1 to 600 MeV) spallation neutron production, serving six beam lines. For Target 1, the spallation neutron pulses are created at 20 Hz by 270 ns long 800 MeV H+ pulses impinging on a tungsten target. For Target 4, the protons impinge on a tungsten target at 100 Hz with a typical macropulse length of 650 µs, broken down into sub-nanosecond wide micro-pulses separated by typically 1.8 µs. The neutron imaging work is currently carried out on three flight paths utilizing all of these energy ranges: (1) cold neutron imaging is performed on Target 1, Flight Path 11 (1FP-11) known as ASTERIX; (2) thermal neutron and resonance imaging is performed on Target 1, Flight Path 5 (1FP-05) and (3) high-energy neutron imaging uses the 60-degree right flight path of Target 4 (4FP-60R). Table 1 lists some typical parameters for these flight paths. A strength of the LANSCE neutron targets is the number of flight paths, the space available on the flight paths and that many of the flight paths can be configured to meet experiment needs. For example, there is considerable vertical space for imaging tall specimens. Neutron radiograph taken with a single laser-driven pulse at the TRIDENT laser at LANL (after [34] ). The radiation penetrated a thick aluminum chamber window before reaching the objects and detector. The detector was an a-Si flat panel with a polypropylene plus ZnS:Cu neutron converter/scintillator. Objects from left to right include, a stainless steel and brass vacuum valve, a Ta and polyethylene line pair gauge sitting on top of a polyethylene step wedge, a steel, aluminum and polyethylene phantom and a tungsten wedge. The left side objects show greater blur due to the angle of neutron emission from the source.
The LANSCE accelerator is an 800 MeV proton linear accelerator. A description of the facility and the neutron production targets is given by Lisowski and Schoenberg (2006) [32] and by Lisowski et al. (1990) [33] . A schematic overview of the facility is given in Figure 2 . Two neutron production targets are routinely used. Target 1 is moderated by both water (thermal) and liquid hydrogen (cold) moderators with a total of 16 flight paths. Target 4 is an unmoderated neutron production target for high-energy (0.1 to 600 MeV) spallation neutron production, serving six beam lines. For Target 1, the spallation neutron pulses are created at 20 Hz by 270 ns long 800 MeV H+ pulses impinging on a tungsten target. For Target 4, the protons impinge on a tungsten target at 100 Hz with a typical macro-pulse length of 650 µs, broken down into sub-nanosecond wide micro-pulses separated by typically 1.8 µs. The neutron imaging work is currently carried out on three flight paths utilizing all of these energy ranges: (1) cold neutron imaging is performed on Target 1, Flight Path 11 (1FP-11) known as ASTERIX; (2) thermal neutron and resonance imaging is performed on Target 1, Flight Path 5 (1FP-05) and (3) high-energy neutron imaging uses the 60-degree right flight path of Target 4 (4FP-60R). Table 1 lists some typical parameters for these flight paths. A strength of the LANSCE neutron targets is the number of flight paths, the space available on the flight paths and that many of the flight paths can be configured to meet experiment needs. For example, there is considerable vertical space for imaging tall specimens. 1 The ASTERIX flux value was measured for a proton current of 100 µA [37] , with the flux of FP-05 at 9 m assumed to be equivalent to the measured FP4 flux, viewing the same moderator, from the same reference. The flux at 60 m for FP-05 was estimated from the 1/L 2 ratios for 60 m and 9 m. We note that since the measurements described in [37] , Target 1 was changed, adding to the inherent uncertainty of the absolute flux values which also depend on target age, proton beam focus and current. The 4FP-60R source is wider than tall giving different L/D ratios for horizontal and vertical resolution.
The LANSCE neutron fluxes versus incident energy are shown in Figure 3 plotted as neutron energy times flux. This is a useful way to represent the flux because it accounts for the increasing size of available energy bins with increasing neutron energy. The flux numbers plotted are the number of neutrons in a neutron energy bin of the same width as the center energy for that bin. For example, on the 4FP-60R beam line, at En = 10 MeV there are 6 × 10 4 neutrons/cm 2 s in a 10 MeV wide energy bin from 5 to 15 MeV. The more often seen flux/eV (or /MeV) gives the mistaken impression that there are very few high-energy neutrons, when this is often far from the truth. 1 The ASTERIX flux value was measured for a proton current of 100 µA [37] , with the flux of FP-05 at 9 m assumed to be equivalent to the measured FP4 flux, viewing the same moderator, from the same reference. The flux at 60 m for FP-05 was estimated from the 1/L 2 ratios for 60 m and 9 m. We note that since the measurements described in [37] , Target 1 was changed, adding to the inherent uncertainty of the absolute flux values which also depend on target age, proton beam focus and current. The 4FP-60R source is wider than tall giving different L/D ratios for horizontal and vertical resolution.
The LANSCE neutron fluxes versus incident energy are shown in Figure 3 plotted as neutron energy times flux. This is a useful way to represent the flux because it accounts for the increasing size of available energy bins with increasing neutron energy. The flux numbers plotted are the number of neutrons in a neutron energy bin of the same width as the center energy for that bin. For example, on the 4FP-60R beam line, at E n = 10 MeV there are 6 × 10 4 neutrons/cm 2 s in a 10 MeV wide energy bin from 5 to 15 MeV. The more often seen flux/eV (or /MeV) gives the mistaken impression that there are very few high-energy neutrons, when this is often far from the truth. As shown in Table 2 , the imaging detectors used in this work include, a Micro Channel Plate (MCP) low-energy neutron detector with Medi-Pix readout as described by Tremsin, et al. [38] [39] [40] , a wide variety of CCD cameras including MCP fast-gating for TOF use, amorphous-silicon (a-Si) flat panel medical imaging detectors and storage phosphor image plates. These are described in more detail in the following sections. 
Energy-Selective Neutron Imaging at 1FP-05
The combination of a pulsed, moderated neutron source with a pixelated neutron time-of-flight detector, recording several thousand neutron radiographs per neutron pulse, enables novel neutron imaging applications. Selection of radiographs at neutron energies (or time-of-flight) where a single isotope dominates the contrast (energy-selective neutron imaging) visualizes the distribution of that isotope. Similarly, neutron energies where a given feature is provided with the best possible contrast can be selected after the data collection. Fitting known cross-section data to the measured transmission data allows quantification of areal isotope densities, as well as non-destructive chemical analysis similar to X-ray fluorescence or mass-spectrometry but probing the bulk of a sample instead of its surface. The neutron energy resolution is determined by the time width of the proton beam (270 ns) that produces the neutrons and the flight path length (typically 8 m). To our knowledge, only LANSCE, J-PARC [41] and ISIS [42] have sufficient neutron energy resolution for eV to keV-region TOF imaging at present. This section describes the method and provides application examples. As shown in Table 2 , the imaging detectors used in this work include, a Micro Channel Plate (MCP) low-energy neutron detector with Medi-Pix readout as described by Tremsin, et al. [38] [39] [40] , a wide variety of CCD cameras including MCP fast-gating for TOF use, amorphous-silicon (a-Si) flat panel medical imaging detectors and storage phosphor image plates. These are described in more detail in the following sections. 
The combination of a pulsed, moderated neutron source with a pixelated neutron time-of-flight detector, recording several thousand neutron radiographs per neutron pulse, enables novel neutron imaging applications. Selection of radiographs at neutron energies (or time-of-flight) where a single isotope dominates the contrast (energy-selective neutron imaging) visualizes the distribution of that isotope. Similarly, neutron energies where a given feature is provided with the best possible contrast can be selected after the data collection. Fitting known cross-section data to the measured transmission data allows quantification of areal isotope densities, as well as non-destructive chemical analysis similar to X-ray fluorescence or mass-spectrometry but probing the bulk of a sample instead of its surface. The neutron energy resolution is determined by the time width of the proton beam (270 ns) that produces the neutrons and the flight path length (typically 8 m). To our knowledge, only LANSCE, J-PARC [41] and ISIS [42] have sufficient neutron energy resolution for eV to keV-region TOF imaging at present. This section describes the method and provides application examples.
Instrument Setup
The beam line utilized for energy-resolved neutron imaging is Flight-Path-5 (FP-05) at the Lujan Neutron Scattering Center (for a description see M. Mocko et al. [43] ). The spallation neutrons are moderated using liquid water at room temperature and collimated using interchangeable, 1 or 2-inch-thick steel and polyethylene disks with round holes of diameters typically increasing from 2 cm to 5 cm with a length of 4.5 m to 6 m (measured from moderator). The resulting spectrum for neutrons at FP-05 is shown in Figure 3 . It provides a thermal neutron flux of~2.4 × 10 7 n/cm 2 s at~8.8 m from the moderator with a peak at 25 meV [37] . A schematic of the flight path from the target-moderator system is shown in Figure 4 .
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Instrument Setup
The beam line utilized for energy-resolved neutron imaging is Flight-Path-5 (FP-05) at the Lujan Neutron Scattering Center (for a description see M. Mocko et al. [43] ). The spallation neutrons are moderated using liquid water at room temperature and collimated using interchangeable, 1 or 2-inch-thick steel and polyethylene disks with round holes of diameters typically increasing from 2 cm to 5 cm with a length of 4.5 m to 6 m (measured from moderator). The resulting spectrum for neutrons at FP-05 is shown in Figure 3 . It provides a thermal neutron flux of ~2.4 10 7 n·cm −2 s −1 at ~8.8 m from the moderator with a peak at 25 meV [37] . A schematic of the flight path from the target-moderator system is shown in Figure 4 . The main detector used for energy-resolved neutron imaging was developed by A. Tremsin [38] [39] [40] with early demonstrations on nuclear fuels [44] . See Table 2 for some technical details of the detector. Pixel-or event-centroiding means assigning a detection event to a detector location based on the center of gravity of a group of pixels triggered by the same neutron, thus providing spatial resolution better than the size of detector pixels. This approach was recently implemented for energyresolved neutron imaging and is reported in this same issue. Besides the instrument cave with sourcesample distances ranging from ~6.5 to ~11.5 m, FP-05 offers a station with source-sample distances from ~58 to 61 m (the "Silo"). The cave and silo are connected by a ~47 m long, 76 cm (30 inches) diameter evacuated pipe with borated polyethylene beam scrapers. At this station, the collimated beam has diverged to cover ~80 cm diameter. This can be utilized for imaging with a large field of view using e.g., amorphous silicon imaging detectors with scintillators or a camera viewing a scintillator via a mirror. Figure 5 shows the view from the top of the 60 m station. The main detector used for energy-resolved neutron imaging was developed by A. Tremsin [38] [39] [40] with early demonstrations on nuclear fuels [44] . See Table 2 for some technical details of the detector. Pixel-or event-centroiding means assigning a detection event to a detector location based on the center of gravity of a group of pixels triggered by the same neutron, thus providing spatial resolution better than the size of detector pixels. This approach was recently implemented for energy-resolved neutron imaging and is reported in this same issue. Besides the instrument cave with source-sample distances ranging from~6.5 to~11.5 m, FP-05 offers a station with source-sample distances from~58 to 61 m (the "Silo"). The cave and silo are connected by a~47 m long, 76 cm (30 inches) diameter evacuated pipe with borated polyethylene beam scrapers. At this station, the collimated beam has diverged to cover~80 cm diameter. This can be utilized for imaging with a large field of view using e.g., amorphous silicon imaging detectors with scintillators or a camera viewing a scintillator via a mirror. Figure 5 shows the view from the top of the 60 m station. 
The beam line utilized for energy-resolved neutron imaging is Flight-Path-5 (FP-05) at the Lujan Neutron Scattering Center (for a description see M. Mocko et al. [43] ). The spallation neutrons are moderated using liquid water at room temperature and collimated using interchangeable, 1 or 2-inch-thick steel and polyethylene disks with round holes of diameters typically increasing from 2 cm to 5 cm with a length of 4.5 m to 6 m (measured from moderator). The resulting spectrum for neutrons at FP-05 is shown in Figure 3 . It provides a thermal neutron flux of ~2.4 10 7 n·cm −2 s −1 at ~8.8 m from the moderator with a peak at 25 meV [37] . A schematic of the flight path from the target-moderator system is shown in Figure 4 . The main detector used for energy-resolved neutron imaging was developed by A. Tremsin [38] [39] [40] with early demonstrations on nuclear fuels [44] . See Table 2 for some technical details of the detector. Pixel-or event-centroiding means assigning a detection event to a detector location based on the center of gravity of a group of pixels triggered by the same neutron, thus providing spatial resolution better than the size of detector pixels. This approach was recently implemented for energyresolved neutron imaging and is reported in this same issue. Besides the instrument cave with sourcesample distances ranging from ~6.5 to ~11.5 m, FP-05 offers a station with source-sample distances from ~58 to 61 m (the "Silo"). The cave and silo are connected by a ~47 m long, 76 cm (30 inches) diameter evacuated pipe with borated polyethylene beam scrapers. At this station, the collimated beam has diverged to cover ~80 cm diameter. This can be utilized for imaging with a large field of view using e.g., amorphous silicon imaging detectors with scintillators or a camera viewing a scintillator via a mirror. Figure 5 shows the view from the top of the 60 m station. Due to the longer flight path length, this station can be also used for high neutron-energy-resolution resonance measurements using the same collimation system shown in Figure 4 , albeit without spatial resolution or imaging capability. A 500 MHz event rate detector with 55 photomultiplier tubes viewing 55 10 B loaded liquid scintillator volumes is installed at that station [45] . The efficiency values reported by Yen et al. [45] are 95%, 85%, 71% for 10, 100, 1000 eV neutron energies. This is far superior to the efficiency of the MCP glass, that is quoted as 50% and 70% at 25 meV (thermal neutrons) and 5 meV (cold neutrons) [38] (see also a more recent evaluation of the efficiency [46] ). For epi-thermal neutrons (>0.4 eV), the MCP efficiency is in the percent range and essentially zero for keV neutrons.
With the 10 B detector, selected regions of a sample could be aligned within a small (0.1-1 mm) neutron beam to increase the available neutron energy range for resonance analysis, after bulk tomographic characterization with the typical~2.5 cm diameter beam and MCP detector. The liquid scintillator detector with neutron resonance analysis of superior quality could then be used to e.g., characterize the chemical nature of an inclusion detected by tomography.
Neutron resonance based methods probing the properties of the phonons within a solid and thus connecting nuclear physics with solid state physics [47] were demonstrated at LANSCE in the past, e.g., temperature measurements [48] , including during dynamic events [49] , or the discrimination between alloying elements being contained in the host matrix or forming nano-clusters [50] . J-PARC [51] and ISIS [42] also have performed neutron resonance temperature measurements. These methods can be applied with this setup after selecting a region of interest from a radiographic or tomographic characterization, e.g., an inclusion or the most homogeneous volume within a sample to measure temperature or chemistry most reliably. Scanning of a slice of a sample characterized with bulk tomography with a small beam is also possible, using the translation and rotation stages of the imaging setup, providing increased isotope density resolution and energy range at the price of spatial resolution of only~0.1-1 mm diameter, depending on the chosen collimation. However, due to the superior efficiency and large area of the 10 B detector (compared to the MCP-based imaging detector), the majority of transmitted neutrons can be captured and even tomography of selected slices might be possible in the future. Figure 6 shows some sample data of the liquid scintillator detector at the 60 m silo station. The resonance observed at~60 µs corresponds to a neutron energy of~500 eV, illustrating the greatly extended energy range accessible with the detector. Note that the detector is not properly calibrated at this time and the data shown below are raw data, i.e., neither normalized nor background corrected, which are forthcoming activities. Due to the longer flight path length, this station can be also used for high neutron-energyresolution resonance measurements using the same collimation system shown in Figure 4 , albeit without spatial resolution or imaging capability. A 500 MHz event rate detector with 55 photomultiplier tubes viewing 55 10 B loaded liquid scintillator volumes is installed at that station [45] . The efficiency values reported by Yen et al. [45] are 95%, 85%, 71% for 10, 100, 1000 eV neutron energies. This is far superior to the efficiency of the MCP glass, that is quoted as 50% and 70% at 25 meV (thermal neutrons) and 5 meV (cold neutrons) [38] (see also a more recent evaluation of the efficiency [46] ). For epi-thermal neutrons (>0.4 eV), the MCP efficiency is in the percent range and essentially zero for keV neutrons.
With the 10 B detector, selected regions of a sample could be aligned within a small (0.1-1 mm) neutron beam to increase the available neutron energy range for resonance analysis, after bulk tomographic characterization with the typical ~2.5 cm diameter beam and MCP detector. The liquid scintillator detector with neutron resonance analysis of superior quality could then be used to e.g., characterize the chemical nature of an inclusion detected by tomography.
Neutron resonance based methods probing the properties of the phonons within a solid and thus connecting nuclear physics with solid state physics [47] were demonstrated at LANSCE in the past, e.g., temperature measurements [48] , including during dynamic events [49] , or the discrimination between alloying elements being contained in the host matrix or forming nanoclusters [50] . J-PARC [51] and ISIS [42] also have performed neutron resonance temperature measurements. These methods can be applied with this setup after selecting a region of interest from a radiographic or tomographic characterization, e.g., an inclusion or the most homogeneous volume within a sample to measure temperature or chemistry most reliably. Scanning of a slice of a sample characterized with bulk tomography with a small beam is also possible, using the translation and rotation stages of the imaging setup, providing increased isotope density resolution and energy range at the price of spatial resolution of only ~0.1-1 mm diameter, depending on the chosen collimation. However, due to the superior efficiency and large area of the 10 B detector (compared to the MCPbased imaging detector), the majority of transmitted neutrons can be captured and even tomography of selected slices might be possible in the future. Figure 6 shows some sample data of the liquid scintillator detector at the 60 m silo station. The resonance observed at ~60 µs corresponds to a neutron energy of ~500 eV, illustrating the greatly extended energy range accessible with the detector. Note that the detector is not properly calibrated at this time and the data shown below are raw data, i.e., neither normalized nor background corrected, which are forthcoming activities. 
Data Processing
For non-energy-resolved neutron radiography, i.e., radiography using the integrated radiograph of cold, thermal and epi-thermal neutrons, pixel-by-pixel normalization with open beam radiographs is used to correct for intensity and detector response variations. For energy-selective neutron imaging, a much narrower neutron energy-band is selected by neutron time-of-flight cuts on the full spectrum, covering only the~0.5 eV resonance of a given isotope. This same energy range is used for the normalization to open beam images. For quantitative energy-resolved neutron imaging, the transmission data recorded by the pixelated imaging detector for each pixel can be processed similar to a cross-section measurement, i.e., background corrected and normalized for each energy bin of the incident intensity and then analyzed with cross-section analysis codes such as SAMMY [52] . Utilizing the typically accurately known cross-section data of the isotopes, areal densities for multiple isotopes present in the sample can be determined. Such fitting can include neutron energy ranges from 0.5 eV to 100 eV with the present setup, thus covering multiple resonances. Fitting of multiple resonances is similar to Rietveld analysis of diffraction data, where multiple overlapping diffraction peaks are fit with fractions of each individual peak constrained by the computed structure factor and the peak positions constrained by the unit cell parameters. In resonance analysis, the cross-sections ('intensities') and energies ('positions') of neutron resonances are known and kept fixed, with only the common scale factor determined by the areal density refined. Figure 7 provides examples of such fits from data of U 3 Si 5 nuclear fuel pellets with different enrichment levels. The difference in enrichment levels is visible by the differences in the depth of the 235 U resonances (additional resonances in the right graph). A peak in the difference curve of the more highly enriched sample originates from the 18.6 eV resonance of tungsten, which is present as a~400 ppm contamination in the more highly enriched fuel per chemical analysis, illustrating the sensitivity of the neutron method. Selecting a rectangular region of~100 pixels on the centerline of a fuel pellet allowed measurement of the enrichment level to within 0.1% of the nominal value with an exposure time of~45 min. Using radiographs with intensities replaced by areal density values from the cross-section analysis as input for tomographic density calculations allows a measurement of the mass in each voxel of the tomographic reconstruction. This allows, in turn, the density in g/cm 3 for each isotope present to be calculated. In solids, this can be used to measure enrichment levels. In gases, energy-resolved neutron imaging provides a method to measure partial gas pressures as demonstrated by Tremsin et al. [53] . This work also demonstrates identification of the chemistry of different objects using energy-selective neutron imaging. 
For non-energy-resolved neutron radiography, i.e., radiography using the integrated radiograph of cold, thermal and epi-thermal neutrons, pixel-by-pixel normalization with open beam radiographs is used to correct for intensity and detector response variations. For energy-selective neutron imaging, a much narrower neutron energy-band is selected by neutron time-of-flight cuts on the full spectrum, covering only the ~0.5 eV resonance of a given isotope. This same energy range is used for the normalization to open beam images. For quantitative energy-resolved neutron imaging, the transmission data recorded by the pixelated imaging detector for each pixel can be processed similar to a cross-section measurement, i.e., background corrected and normalized for each energy bin of the incident intensity and then analyzed with cross-section analysis codes such as SAMMY [52] . Utilizing the typically accurately known cross-section data of the isotopes, areal densities for multiple isotopes present in the sample can be determined. Such fitting can include neutron energy ranges from 0.5 eV to 100 eV with the present setup, thus covering multiple resonances. Fitting of multiple resonances is similar to Rietveld analysis of diffraction data, where multiple overlapping diffraction peaks are fit with fractions of each individual peak constrained by the computed structure factor and the peak positions constrained by the unit cell parameters. In resonance analysis, the crosssections ('intensities') and energies ('positions') of neutron resonances are known and kept fixed, with only the common scale factor determined by the areal density refined. Figure 7 provides examples of such fits from data of U3Si5 nuclear fuel pellets with different enrichment levels. The difference in enrichment levels is visible by the differences in the depth of the 235 U resonances (additional resonances in the right graph). A peak in the difference curve of the more highly enriched sample originates from the 18.6 eV resonance of tungsten, which is present as a ~400 ppm contamination in the more highly enriched fuel per chemical analysis, illustrating the sensitivity of the neutron method. Selecting a rectangular region of ~100 pixels on the centerline of a fuel pellet allowed measurement of the enrichment level to within 0.1% of the nominal value with an exposure time of ~45 min. Using radiographs with intensities replaced by areal density values from the cross-section analysis as input for tomographic density calculations allows a measurement of the mass in each voxel of the tomographic reconstruction. This allows, in turn, the density in g/cm 3 for each isotope present to be calculated. In solids, this can be used to measure enrichment levels. In gases, energyresolved neutron imaging provides a method to measure partial gas pressures as demonstrated by Tremsin et al. [53] . This work also demonstrates identification of the chemistry of different objects using energy-selective neutron imaging.
(a) (b) Figure 7 . Examples of the transmission data analysis using the SAMMY code for two fuel samples with enrichment levels of 0.2% (a) and 8.8% 235 U (b).The difference curve between fit and experimental data is shown below.
Figure 7.
Examples of the transmission data analysis using the SAMMY code for two fuel samples with enrichment levels of 0.2% (a) and 8.8% 235 U (b).The difference curve between fit and experimental data is shown below.
Application Examples
The majority of the research on flight-path 5 is funded by the U.S. Department of Energy's Nuclear Energy program because neutrons, both for imaging and diffraction, are a unique probe to interrogate entire nuclear fuel pellets. Neutrons provide rich information on parameters ranging from crystallographic parameters (e.g., atomic positions, thermal motion parameters, strains), to meso-scale parameters (e.g., dislocation densities), to micro-structural features (e.g., weight or volume fractions of phases, grain orientation distribution or texture), to macroscopic features (e.g., dimensions, voids, cracks, isotope densities). Furthermore, the ability to penetrate shielding containers offers the opportunity to conduct this characterization on highly radioactive materials, ultimately providing detailed characterization of the same specimen pre-and post-irradiation. Pulsed neutrons, such as provided by the LANSCE spallation neutron source, provide distinct benefits over the continuous neutron flux provided by a reactor source. The Advanced Post-Irradiation Examination (APIE) efforts at LANL have developed novel techniques, such as energy-resolved neutron imaging described here and applied both novel and established techniques, such as neutron diffraction, to nuclear fuel forms ranging from ceramic fuels (oxides, nitrides, carbides, silicides) to metallic fuels (transmutation fuels, CONVERT fuels).
As an example of the thorough characterization outlined above, investigations on UN/U-Si composite fuels are shown in Figure 8 , providing 3D isotope densities in UN/U 3 Si 5 and U 3 Si 5 pellets, with different enrichment levels, encapsulated in a stainless steel container. The average enrichment levels measured by neutron resonance transmission analysis are within 0.1% of the nominal enrichment levels. While characterization with thermal neutrons, as shown in Figure 8a , does not allow distinguishing the highest (8.8%) and lowest (0.2%) enrichment level pellets due to the overall attenuation being also affected by the UN/U 3 Si 5 ratio, the reconstruction of the isotope density of 235 U clearly (Figure 8b ) allows that distinction. Figure 7 gives examples of the neutron transmission fits on which the reconstruction is based. Neutron diffraction, performed in mm slices along the axis of the samples, complements the characterization by energy-resolved neutron imaging and provides micro-structural information such as texture and volume fractions of crystallographic phases not available from neutron imaging. 
The majority of the research on flight-path 5 is funded by the U.S. Department of Energy's Nuclear Energy program because neutrons, both for imaging and diffraction, are a unique probe to interrogate entire nuclear fuel pellets. Neutrons provide rich information on parameters ranging from crystallographic parameters (e.g., atomic positions, thermal motion parameters, strains), to mesoscale parameters (e.g., dislocation densities), to micro-structural features (e.g., weight or volume fractions of phases, grain orientation distribution or texture), to macroscopic features (e.g., dimensions, voids, cracks, isotope densities). Furthermore, the ability to penetrate shielding containers offers the opportunity to conduct this characterization on highly radioactive materials, ultimately providing detailed characterization of the same specimen pre-and post-irradiation. Pulsed neutrons, such as provided by the LANSCE spallation neutron source, provide distinct benefits over the continuous neutron flux provided by a reactor source. The Advanced Post-Irradiation Examination (APIE) efforts at LANL have developed novel techniques, such as energy-resolved neutron imaging described here and applied both novel and established techniques, such as neutron diffraction, to nuclear fuel forms ranging from ceramic fuels (oxides, nitrides, carbides, silicides) to metallic fuels (transmutation fuels, CONVERT fuels).
As an example of the thorough characterization outlined above, investigations on UN/U-Si composite fuels are shown in Figure 8 , providing 3D isotope densities in UN/U3Si5 and U3Si5 pellets, with different enrichment levels, encapsulated in a stainless steel container. The average enrichment levels measured by neutron resonance transmission analysis are within 0.1% of the nominal enrichment levels. While characterization with thermal neutrons, as shown in Figure 8a , does not allow distinguishing the highest (8.8%) and lowest (0.2%) enrichment level pellets due to the overall attenuation being also affected by the UN/U3Si5 ratio, the reconstruction of the isotope density of 235 U clearly (Figure 8b ) allows that distinction. Figure 7 gives examples of the neutron transmission fits on which the reconstruction is based. Neutron diffraction, performed in mm slices along the axis of the samples, complements the characterization by energy-resolved neutron imaging and provides micro-structural information such as texture and volume fractions of crystallographic phases not available from neutron imaging. , as available at a reactor, does not distinguish the differences in enrichment levels of the middle and lower pellet (8.84% and 0.2% enrichment, respectively), the reconstruction of 235 U (b) and 238 U (c) densities clearly provides this information. Figure 9 illustrates the differences of the radiography modalities available at LANL on depleted uranium-oxide (dUO 2 ) fuel pellets inside a steel cladding: The interaction of protons and X-rays with matter are both to a first approximation governed by the atomic number, Z, of the atoms (number of electrons for X-rays and number of protons in nucleus for protons) and the radiographs obtained with 800 MeV protons and 450 keV X-rays are similar. Neutrons provide a different contrast mechanism from the nuclear interaction of the radiation with the atoms in the sample. While thermal neutrons complement characterization by X-rays and protons, only the resonance imaging with the epithermal neutrons allows one to unambiguously identify and quantify the distribution of specific isotopes. The fuel pellet on the top of all radiographs had a tungsten wedge embedded while the others had W filings mixed in with the dUO2 powder prior to sintering. Only the epithermal neutron imaging viewed at the 18.6 eV tungsten resonance allows visualization of the distribution of the tungsten, while protons, X-rays and thermal neutrons do not even provide an indication that tungsten is present.
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Besides research related to nuclear fuels, in recent years characterization of scintillator crystals was a significant part of the research portfolio at FP-05. The results of these efforts are reported in several publications [55] [56] [57] . Furthermore, the unique capabilities of energy-resolved neutron imaging for single crystal characterization were applied to characterize natural gold single crystals [58] . In an effort partially supported by the New Mexico Consortium and DOE/NNSA science campaigns, LANL was able to characterize fossilized skulls with both neutron and hard X-ray CT. This aids LANL in continuing algorithm development and cross-comparing different probes on the same specimen. For the paleontology community, neutron imaging with neutron energies covering both moderated (cold, thermal, epi-thermal) and unmoderated (fast) neutrons provides valuable insight on samples with limited X-ray contrast, too thick for X-ray CT, or containing minerals with elements (e.g., iron or uranium minerals) that obscure lower attenuation materials from X-ray interrogation. As an example, for the fossil characterization conducted on Flight Path 5, Figure 10 compares thermal neutron CT with hard X-ray CT. Having both data sets available, originating from different contrast mechanisms, provides information for the paleontology community not available from a single data set. [54] , 450 keV X-ray radiography (c) [54] , thermal neutron radiography (d), as well as radiographs at neutron absorption resonance energies of 238 U (e) and tungsten (f) [44] . The sample orientation is not identical for each modality.
Besides research related to nuclear fuels, in recent years characterization of scintillator crystals was a significant part of the research portfolio at FP-05. The results of these efforts are reported in several publications [55] [56] [57] . Furthermore, the unique capabilities of energy-resolved neutron imaging for single crystal characterization were applied to characterize natural gold single crystals [58] . In an effort partially supported by the New Mexico Consortium and DOE/NNSA science campaigns, LANL was able to characterize fossilized skulls with both neutron and hard X-ray CT. This aids LANL in continuing algorithm development and cross-comparing different probes on the same specimen. For the paleontology community, neutron imaging with neutron energies covering both moderated (cold, thermal, epi-thermal) and unmoderated (fast) neutrons provides valuable insight on samples with limited X-ray contrast, too thick for X-ray CT, or containing minerals with elements (e.g., iron or uranium minerals) that obscure lower attenuation materials from X-ray interrogation. As an example, for the fossil characterization conducted on Flight Path 5, Figure 10 compares thermal neutron CT with hard X-ray CT. Having both data sets available, originating from different contrast mechanisms, provides information for the paleontology community not available from a single data set.
Data analysis techniques, in particular tomographic reconstruction algorithms, providing a combined reconstruction of both data sets while taking into account differences in the underlying physics that leads to the differing contrasts, are required as such combined studies become more common. A similar analysis problem exists with the nuclear fuel data sets collected by Tremsin et al. [44] using energy-selective neutron imaging which were also characterized by 450 keV X-ray and 800 MeV proton radiography [54] , leading to three separate CT data sets of identical samples (Figure 9 ).
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Data analysis techniques, in particular tomographic reconstruction algorithms, providing a combined reconstruction of both data sets while taking into account differences in the underlying physics that leads to the differing contrasts, are required as such combined studies become more common. A similar analysis problem exists with the nuclear fuel data sets collected by Tremsin et al. [44] using energy-selective neutron imaging which were also characterized by 450 keV X-ray and 800 MeV proton radiography [54] , leading to three separate CT data sets of identical samples ( Figure 9 ). To further illustrate the unique material characterization potential of combining cold and thermal neutron radiography with neutron resonance tomography, an additively manufactured (3D printed and sintered) disk-shaped tungsten object was characterized. The object has a diameter of 40 mm. Figure 11 shows the thermal neutron radiograph with various inhomogeneities appearing as shadows around the LANL logo (e.g., a dark spot below the word "LANL" and a bright spot left of the top most white circle). Both features are almost invisible in the radiograph from neutron energies around the strong (~45 kbarn) W resonance at 18.6 eV. This finding indicates that the brighter spot in the thermal image (stronger thermal neutron attenuation) originates from atoms with a stronger thermal neutron attenuation than the tungsten matrix. This makes residues of the hydrogencontaining binder material from the additive manufacturing process a potential candidate as an explanation for this spot. The availability of element specific radiographs or CT reconstructions greatly enhances the data available to interpret features found during material characterization. To further illustrate the unique material characterization potential of combining cold and thermal neutron radiography with neutron resonance tomography, an additively manufactured (3D printed and sintered) disk-shaped tungsten object was characterized. The object has a diameter of 40 mm. Figure 11 shows the thermal neutron radiograph with various inhomogeneities appearing as shadows around the LANL logo (e.g., a dark spot below the word "LANL" and a bright spot left of the top most white circle). Both features are almost invisible in the radiograph from neutron energies around the strong (~45 kbarn) W resonance at 18.6 eV. This finding indicates that the brighter spot in the thermal image (stronger thermal neutron attenuation) originates from atoms with a stronger thermal neutron attenuation than the tungsten matrix. This makes residues of the hydrogen-containing binder material from the additive manufacturing process a potential candidate as an explanation for this spot. The availability of element specific radiographs or CT reconstructions greatly enhances the data available to interpret features found during material characterization.
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Water Transport in Plants
The Lujan center neutron beam lines have also been used to support studies of water transport in plants. Despite decades of research and method development [59] [60] [61] , non-destructive, in vivo measurements of water uptake and flow in plants are challenging because of the opacity of soil and of the plant tissues. Especially challenging is the intricate nature of the water transport system. In this system, fine roots are connected to microbial networks supporting the plants and opposing pressure gradients in adjacent tissues are responsible for water uptake from the soil and delivery of carbohydrates produced in the leaves.
Using the contrast properties of D 2 O and H 2 O in neutron imaging combined with the ability of plants to take up D 2 O as normal water, we used neutron radiography to image water transport in pine and juniper branches and detect water exchange between the adjacent tissues responsible for water uptake and carbohydrate delivery, see Figure 12 [62] . Imaging was conducted simultaneously with low field NMR to calibrate the NMR system. 
Using the contrast properties of D2O and H2O in neutron imaging combined with the ability of plants to take up D2O as normal water, we used neutron radiography to image water transport in pine and juniper branches and detect water exchange between the adjacent tissues responsible for water uptake and carbohydrate delivery, see Figure 12 [62] . Imaging was conducted simultaneously with low field NMR to calibrate the NMR system. In Figure 12 , the photograph on the left shows the NMR coil for producing the magnetic field surrounding the branch that is placed in the neutron beam coming from the right. The neutron detector is on the left. Middle, left: the neutron image shows the branch (A), the NMR detector solenoid on the branch (B) and the cup holding heavy water (C). Middle, right: Subtracting subsequent neutron images from the first creates difference images that can be used for analyzing water movement in the branch and provides a direct measurement for the water uptake rate from the cup (D). Right: The signal intensity of both the NMR (black squares) and the neutrons decline when D2O reaches the measurement point and recover after watering with H2O. From the time lag in signal strength between measurement below the NMR coil (green diamonds) and above the NMR coil (red triangles) flow rates can be calculated and by comparing the slope of signal decay and the time needed for reaching saturation, water distribution between different tissues can be determined. Figure modified from [62] .
Using similar D2O labeling and neutron imaging through soil, we have imaged water uptake and water content in plant roots using the MCP detector [38] [39] [40] on FP-05 at the 8 m station, see Figure  13 . Such measurements give an advantage of non-destructive functional characterization of roots and soil-root interactions enabling linking root anatomy to function in situ. Efforts are underway to use the 1FP-11 cold neutron imaging to improve the contrast in these studies. In Figure 12 , the photograph on the left shows the NMR coil for producing the magnetic field surrounding the branch that is placed in the neutron beam coming from the right. The neutron detector is on the left. Middle, left: the neutron image shows the branch (A), the NMR detector solenoid on the branch (B) and the cup holding heavy water (C). Middle, right: Subtracting subsequent neutron images from the first creates difference images that can be used for analyzing water movement in the branch and provides a direct measurement for the water uptake rate from the cup (D). Right: The signal intensity of both the NMR (black squares) and the neutrons decline when D 2 O reaches the measurement point and recover after watering with H 2 O. From the time lag in signal strength between measurement below the NMR coil (green diamonds) and above the NMR coil (red triangles) flow rates can be calculated and by comparing the slope of signal decay and the time needed for reaching saturation, water distribution between different tissues can be determined. Figure modified from [62] .
Using similar D 2 O labeling and neutron imaging through soil, we have imaged water uptake and water content in plant roots using the MCP detector [38] [39] [40] on FP-05 at the 8 m station, see Figure 13 . Such measurements give an advantage of non-destructive functional characterization of roots and soil-root interactions enabling linking root anatomy to function in situ. Efforts are underway to use the 1FP-11 cold neutron imaging to improve the contrast in these studies. 
Large Area Thermal Neutron Imaging
An example of thermal neutron images taken at the 60 m station on 1FP-05 is shown in Figure  14 , a Mac Minicomputer (200 mm × 200 mm × 36 mm) was CT scanned using a flat panel with a GadOx scintillator screen. For comparison, the Mac mini was also characterized with 6 MeV X-rays. Due to the difference in contrast mechanisms between neutrons and X-rays with circuit board components, motors, labels, etc. thermal neutron imaging can provide better contrast in many areas than X-ray imaging, or the lower-energy techniques previously described. 
High-Energy Neutron Imaging
High-energy neutron imaging has been pursued, in general, with two main goals in mind, (1) to perform energy-selective (TOF-gated) imaging to use resonance-structure-related cross section differences to resolve concentrations of the elements, C, N and O, useful in explosives detection [63- 
Large Area Thermal Neutron Imaging
An example of thermal neutron images taken at the 60 m station on 1FP-05 is shown in Figure 14 , a Mac Minicomputer (200 mm × 200 mm × 36 mm) was CT scanned using a flat panel with a GadOx scintillator screen. For comparison, the Mac mini was also characterized with 6 MeV X-rays. Due to the difference in contrast mechanisms between neutrons and X-rays with circuit board components, motors, labels, etc. thermal neutron imaging can provide better contrast in many areas than X-ray imaging, or the lower-energy techniques previously described. 
High-Energy Neutron Imaging
High-energy neutron imaging has been pursued, in general, with two main goals in mind, (1) to perform energy-selective (TOF-gated) imaging to use resonance-structure-related cross section differences to resolve concentrations of the elements, C, N and O, useful in explosives detection [63] [64] [65] , for example and (2) imaging features shielded by high-Z, materials that are often dense and may be thick [66] and thus are intractable to image even with very high-energy (>1 MeV) X-rays. In addition to these uses, energy-selective imaging can be used to investigate the performance of scintillators and imaging systems as functions of incident neutron energy in order to understand characteristics and to choose or develop optimal components for neutron imaging. [67] [68] [69] 
The WNR 4FP60R Flight Path Imaging
The Target 4 neutron production target is a 3.0 cm diameter by 7.5 cm long tungsten cylinder mounted with the long axis aligned with the 100 Hz, 800 MeV proton beam that is directed at 8 degrees from horizontal. For the 60 degree right flight path, the target is viewed, at an angle of 60 degrees with respect to the beam direction. The neutron beam is typically defined and controlled by a 1.9 m long, steel neutron shutter extending from 4.6 to 6.5 m with an opening of 8.1 cm diameter that views the entire neutron production target. The result is that the neutron source has dimensions of about 3 cm in the vertical direction and about 7 cm in the horizontal direction. Without smaller defining apertures, the L/D ratio at 21 m is 700 vertical and 300 horizontal. Three sets of collimators follow the neutron shutter with substantial shielding around each. This provides a well-collimated beam and low background environment at the sample position, with several collimator choices to reduce backgrounds by limiting the field of view as needed. Measurements have shown that thermal neutron backgrounds are small as long as no large amount of moderating material is placed directly in the neutron beam.
Substantial shielding consisting of high-density magnetite concrete blocks surrounds the sample position and the entire flight path to reduce radiation dose rates to personnel to levels below 2 mR/h maximum. The shielding was modeled and designed using the Monte Carlo code MCNP6 [70] to accommodate the largest neutron beams and to account for large samples that are highly scattering in the forward direction as well as highly attenuating samples that produce higher radiation levels at the sample position.
Imaging equipment typically consists of a precision rotation stage mounted on a translation stage for CT imaging. These stages are mounted on a lift table for vertical positioning. An a-Si flat panel (Perkin Elmer, now Varex Imaging, model 1621 High-Sensitivity) [71] with 40 × 40 cm active area with an attached 2.5 mm thick PP + ZnS:Cu scintillator from RC Tritec [72] has demonstrated maximum light output with good contrast, although thinner scintillators provide better spatial resolution. Polypropylene with ZnS:Cu (and Ag) was first produced commercially by Industrial Quality, Inc. 30 or more years ago. In high-energy neutron imaging at LANSCE in the 1990's it was observed to have the highest light output of any scintillator tested. In 1993, Yoshii and Mya [73] also examined the characteristics of ZnS:Ag plus polypropylene for fast neutron imaging. We tested both Cu-doped and Ag-doped ZnS and found that the good match between the green light from ZnS:Cu and the peak spectral response of a-Si flat panels resulted in about 3 times greater sensitivity than observed with ZnS:Ag. At our request, RC Tritec researched and began production of these scintillators. Spatial resolution approaching the pixel size of 200 microns has been demonstrated for resolution gauges near the scintillator. For imaging through thick uranium, features of 2 mm can be reliably observed. Figure 15 shows a flat panel detector mounted in the inner shielding on 4FP-60R.
Two different TOF CCD camera configurations have been used to perform fast time-gated imaging to select specific neutron energy ranges. Only one energy range can be selected per exposure but the time gating can range from sub nanosecond to an entire beam macro pulse, typically 1.8 microseconds. Princeton Instruments Pi-Max 4 cooled iCCD camera [74] and Spectral Instruments, Inc. model 830 cooled CCD camera [75] with a PhoTek model 375 MCP image intensifier [76] have been used. A pellicle mirror at 45 degrees is used to reflect the image to the camera that is out of the neutron beam and behind shielding blocks from the sample. In spite of the well-collimated and shielded beam line, energetic radiation events are observed in the radiation sensitive CCD cameras. An optical table with the camera system components is shown at right in Figure 15 . Scintillators for fast-gated, energy-selective imaging are typically fast plastic such as those supplied by Saint Gobain [77] and Eljen Technologies [78] . We recently performed studies of the energy response of scintillators over a range of thicknesses, from 1 mm to 20 mm and for different phosphors. Spatial resolution has been studied as functions of incident neutron energy and scintillator thickness and will be presented in [79] . ZnS scintillator, both Ag-doped and Cu-doped that we used, decay too slowly for TOF measurements on a microsecond time scale.
As with all forms of radiography, the more sensitive the detector, the less dose required to obtain an image and the less intensity required from the radiation source. For this reason, we are actively working on the development of improved neutron converter/scintillator screens, especially for highenergy imaging but also for the other energy ranges. Both time integrating (slow) and fast-time gated detectors have applications.
Flat Panel Imaging System Results
A Perkin Elmer a-Si flat panel industrial imager with a ZnS:Cu + PP screen 2.5 mm thick is currently used for high-energy neutron radiographs and CT scans. Figure 16 shows inner details of the cathode pictured in Figure 15a . In Figure 17 , some "New Mexico" objects imaged inside a thick uranium cylinder are shown. The slow scintillator decay time (>2 µs) does not allow neutron energy selection but produces good contrast for the LANSCE high-energy neutron beam. Figure 17a is a radiograph of the cylinder, while Figure 17b is a CT slice clearly showing a cross section of the aluminum alloy chili pepper and the double "fool's gold" crystal. Scintillators for fast-gated, energy-selective imaging are typically fast plastic such as those supplied by Saint Gobain [77] and Eljen Technologies [78] . We recently performed studies of the energy response of scintillators over a range of thicknesses, from 1 mm to 20 mm and for different phosphors. Spatial resolution has been studied as functions of incident neutron energy and scintillator thickness and will be presented in [79] . ZnS scintillator, both Ag-doped and Cu-doped that we used, decay too slowly for TOF measurements on a microsecond time scale.
As with all forms of radiography, the more sensitive the detector, the less dose required to obtain an image and the less intensity required from the radiation source. For this reason, we are actively working on the development of improved neutron converter/scintillator screens, especially for high-energy imaging but also for the other energy ranges. Both time integrating (slow) and fast-time gated detectors have applications.
A Perkin Elmer a-Si flat panel industrial imager with a ZnS:Cu + PP screen 2.5 mm thick is currently used for high-energy neutron radiographs and CT scans. Figure 16 shows inner details of the cathode pictured in Figure 15a . In Figure 17 , some "New Mexico" objects imaged inside a thick uranium cylinder are shown. The slow scintillator decay time (>2 µs) does not allow neutron energy selection but produces good contrast for the LANSCE high-energy neutron beam. Figure 17a is a radiograph of the cylinder, while Figure 17b is a CT slice clearly showing a cross section of the aluminum alloy chili pepper and the double "fool's gold" crystal.
Imaging though thick uranium is difficult even with very high energy X-rays and intractable if low-Z elements are to be imaged. Scintillators for fast-gated, energy-selective imaging are typically fast plastic such as those supplied by Saint Gobain [77] and Eljen Technologies [78] . We recently performed studies of the energy response of scintillators over a range of thicknesses, from 1 mm to 20 mm and for different phosphors. Spatial resolution has been studied as functions of incident neutron energy and scintillator thickness and will be presented in [79] . ZnS scintillator, both Ag-doped and Cu-doped that we used, decay too slowly for TOF measurements on a microsecond time scale.
A Perkin Elmer a-Si flat panel industrial imager with a ZnS:Cu + PP screen 2.5 mm thick is currently used for high-energy neutron radiographs and CT scans. Figure 16 shows inner details of the cathode pictured in Figure 15a . In Figure 17 , some "New Mexico" objects imaged inside a thick uranium cylinder are shown. The slow scintillator decay time (>2 µs) does not allow neutron energy selection but produces good contrast for the LANSCE high-energy neutron beam. Figure 17a is a radiograph of the cylinder, while Figure 17b is a CT slice clearly showing a cross section of the aluminum alloy chili pepper and the double "fool's gold" crystal. High-energy neutron CT scan of a heavy tungsten-encased ceramic cathode assembly-cathode is shown in front of flat panel in Figure 15a . Cracks in the ceramic are difficult to impossible to image with X-rays. Slices in three different planes show (A) ceramic with cracks (B) spiral wound heating element near edge and center of ceramic (C) central support of heating element.
Imaging though thick uranium is difficult even with very high energy X-rays and intractable if low-Z elements are to be imaged. In collaboration with the New Mexico Museum of Natural History and Science (NMMNHS), an effort was undertaken to image a large tyrannosauroid fossil skull that was found in the Four Corners area of New Mexico. The goal was to combine X-ray and high-energy neutron imaging to observe features of the anatomy that may be preserved inside the skull. The skull and a radiograph of one end of the fossil are shown in Figure 18 . Many interesting internal features are observed such as, nascent teeth in the jaw, the cranial endocast or braincase, sinuses and pathways of blood vessels and nerves. These potentially aid paleontologists in inferring information about metabolism, growth, and, with multiple specimens, about evolution of a species. In collaboration with the New Mexico Museum of Natural History and Science (NMMNHS), an effort was undertaken to image a large tyrannosauroid fossil skull that was found in the Four Corners area of New Mexico. The goal was to combine X-ray and high-energy neutron imaging to observe features of the anatomy that may be preserved inside the skull. The skull and a radiograph of one end of the fossil are shown in Figure 18 . Many interesting internal features are observed such as, nascent teeth in the jaw, the cranial endocast or braincase, sinuses and pathways of blood vessels and nerves. These potentially aid paleontologists in inferring information about metabolism, growth, and, with multiple specimens, about evolution of a species.
Imaging though thick uranium is difficult even with very high energy X-rays and intractable if low-Z elements are to be imaged. In collaboration with the New Mexico Museum of Natural History and Science (NMMNHS), an effort was undertaken to image a large tyrannosauroid fossil skull that was found in the Four Corners area of New Mexico. The goal was to combine X-ray and high-energy neutron imaging to observe features of the anatomy that may be preserved inside the skull. The skull and a radiograph of one end of the fossil are shown in Figure 18 . Many interesting internal features are observed such as, nascent teeth in the jaw, the cranial endocast or braincase, sinuses and pathways of blood vessels and nerves. These potentially aid paleontologists in inferring information about metabolism, growth, and, with multiple specimens, about evolution of a species. 
High-Energy Neutron Time-of-Flight Imaging System Results
Using TOF imaging, we obtained energy gated images of a phantom consisting of various metal and polymer components. Three of these images are shown in Figure 20 . Despite the X-ray image being done with a mature, highly optimized facility, the neutron images show good quality despite being a first attempt. Figure 21 shows images taken at multiple neutron energy regions. The TOF camera system can provide scattering rejection in neutron imaging, as well as energy-selective images as shown here. Further details of this system are given in References [80, 81] . Notice the better penetration of the Xrays and higher energy neutrons through the plastic at the top. The X-ray set up is highly optimized while the neutron set up was a "first time" operation. The object is about 16 cm tall. The object is not at the same angular orientation in the different images. 
Using TOF imaging, we obtained energy gated images of a phantom consisting of various metal and polymer components. Three of these images are shown in Figure 20 . Despite the X-ray image being done with a mature, highly optimized facility, the neutron images show good quality despite being a first attempt. Figure 21 shows images taken at multiple neutron energy regions. The TOF camera system can provide scattering rejection in neutron imaging, as well as energy-selective images as shown here. Further details of this system are given in References [80, 81] . 
Using TOF imaging, we obtained energy gated images of a phantom consisting of various metal and polymer components. Three of these images are shown in Figure 20 . Despite the X-ray image being done with a mature, highly optimized facility, the neutron images show good quality despite being a first attempt. Figure 21 shows images taken at multiple neutron energy regions. The TOF camera system can provide scattering rejection in neutron imaging, as well as energy-selective images as shown here. Further details of this system are given in References [80, 81] . Notice the better penetration of the X-rays and higher energy neutrons through the plastic at the top. The X-ray set up is highly optimized while the neutron set up was a "first time" operation. The object is about 16 cm tall. The object is not at the same angular orientation in the different images. 
Multi-Modal and Multi-Energy Imaging
Dual-energy X-ray imaging is well known as providing more information than single-energy imaging. Combined X-ray imaging and neutron imaging likewise can make visible features that are not visible in a single image alone. Such multi-energy and multi-modal imaging offer paths to more powerful imaging capabilities that can be quantitative and can provide important new insights in imaging of challenging objects.
An example from some time ago is the use of high-energy neutron imaging at two-different energies, or combined neutron and gamma-ray imaging to determine the hydrogen content in getter materials [82] . Using the prompt gamma-flash when the proton beam hits the neutron production target and later energetic neutrons with fast timing of MCP's means that such dual measurements could be made simultaneously with a two camera arrangement. This can provide a fast and powerful measurement technique for determining hydrogen content in objects. This is but one example of techniques that can be developed for particular imaging challenges.
Cold Neutron Imaging at Target 1, Flight Path 11 (ASTERIX)
Typical neutron imaging is based on the neutron attenuation of the imaged object, showing regions of high versus low absorption. However, neutron imaging becomes more challenging if the studied objects have low neutron attenuation cross sections or if there are features with low absorption contrast. In such cases, the quantum mechanical, wave-like, neutron properties of thermal and cold neutrons can be used to advantage to perform so called "phase-contrast" or "refractionenhanced" neutron imaging. Phase contrast imaging (PCI) with neutrons was first demonstrated in 1980 by Schlenker et al. using perfect crystal interferometry to image ferromagnetic domains [83] . This approach relies on extremely collimated and monochromatic beams resulting in very low intensities and long measurement times. Following advances in synchrotron X-ray phase contrast imaging, Allman et al. demonstrated a neutron phase propagation method in 2000 [84] and Strobl, et al. described further studies of edge effects in 2009 [85] . The propagation method employs a typical in-line imaging geometry with sufficient distance between the object and detector to enable the influence of the propagation of neutron phase on intensities to be resolved. Using this approach, polychromatic neutron beams and less tightly defined incident beam collimations can be exploited to measure neutron phase contrast images with much shorter exposure times. We have employed this relatively simple and high-intensity technique that works well with polychromatic beams such as those used at LANSCE. 
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Cold Neutron Imaging at Target 1, Flight Path 11 (ASTERIX)
Typical neutron imaging is based on the neutron attenuation of the imaged object, showing regions of high versus low absorption. However, neutron imaging becomes more challenging if the studied objects have low neutron attenuation cross sections or if there are features with low absorption contrast. In such cases, the quantum mechanical, wave-like, neutron properties of thermal and cold neutrons can be used to advantage to perform so called "phase-contrast" or "refraction-enhanced" neutron imaging. Phase contrast imaging (PCI) with neutrons was first demonstrated in 1980 by Schlenker et al. using perfect crystal interferometry to image ferromagnetic domains [83] . This approach relies on extremely collimated and monochromatic beams resulting in very low intensities and long measurement times. Following advances in synchrotron X-ray phase contrast imaging, Allman et al. demonstrated a neutron phase propagation method in 2000 [84] and Strobl, et al. described further studies of edge effects in 2009 [85] . The propagation method employs a typical in-line imaging geometry with sufficient distance between the object and detector to enable the influence of the propagation of neutron phase on intensities to be resolved. Using this approach, polychromatic neutron beams and less tightly defined incident beam collimations can be exploited to measure neutron phase contrast images with much shorter exposure times. We have employed this relatively simple and high-intensity technique that works well with polychromatic beams such as those used at LANSCE.
Lujan Center 1FP-11 Description
At LANSCE, the Lujan Center's ASTERIX beamline (1FP-11) views a liquid hydrogen moderator providing "cold neutrons" (0.3 to 3 meV or wavelengths of~5 to 15 Å) that are especially suited for performing phase-contrast imaging. A 6 cm × 6 cm neutron guide transports the cold neutrons 15.1 m from the moderator to a variable aperture which can be opened to maximize flux for cold neutron radiography or reduced to provide a more collimated beam for neutron phase contrast imaging. For phase contrast measurements, typical aperture sizes of the source range from 0.5 mm × 0.5 mm to 5.0 mm × 5.0 mm. The source to detector distance is 5.0 m resulting in L/D values ranging from 1000 to 10,000. The sample position can be easily adjusted by moving the sample positioning goniometer along a rail to facilitate comparable absorption contrast measurements with the sample in contact with the detector and phase contrast measurements with the sample separated from the detector, typically by~0.5 m.
Phase Contrast Imaging Using a High Spatial Resolution Micro Channel Plate (MCP) Detector
High resolution phase contrast images of a sample consisting of Pb fishing weights suspended by Al wire on a thin Al plate were measured using a MCP detector with 55 µm pixel size. A 1 mm × 1 mm aperture was used with a source to detector distance of 5.0 m and an object to detector distance of 0.45 m. Gamma ray contributions to the image from the spallation source were discriminated based on timing. Figure 22 shows images taken with the Pb and Al objects for which the cold neutron transmission is > 98%. The highly collimated beam required relatively long exposure times: both the absorption contrast and phase contrast images were measured for 13 h. The absorption contrast is very poor, while the phase contrast image displays excellent definition of edges, interfaces and internal defects in the materials. 
Lujan Center 1FP-11 Description
At LANSCE, the Lujan Center's ASTERIX beamline (1FP-11) views a liquid hydrogen moderator providing "cold neutrons" (0.3 to 3 meV or wavelengths of ~5 to 15 Å) that are especially suited for performing phase-contrast imaging. A 6 × 6 cm neutron guide transports the cold neutrons 15.1 m from the moderator to a variable aperture which can be opened to maximize flux for cold neutron radiography or reduced to provide a more collimated beam for neutron phase contrast imaging. For phase contrast measurements, typical aperture sizes of the source range from 0.5 × 0.5 mm to 5.0 × 5.0 mm. The source to detector distance is 5.0 m resulting in L/D values ranging from 1000 to 10000. The sample position can be easily adjusted by moving the sample positioning goniometer along a rail to facilitate comparable absorption contrast measurements with the sample in contact with the detector and phase contrast measurements with the sample separated from the detector, typically by ~0.5 m.
Phase Contrast Imaging Using a High Spatial Resolution Micro Channel Plate (MCP) Detector
High resolution phase contrast images of a sample consisting of Pb fishing weights suspended by Al wire on a thin Al plate were measured using a MCP detector with 55 µm pixel size. A 1 × 1 mm aperture was used with a source to detector distance of 5.0 m and an object to detector distance of 0.45 m. Gamma ray contributions to the image from the spallation source were discriminated based on timing. Figure 22 shows images taken with the Pb and Al objects for which the cold neutron transmission is > 98%. The highly collimated beam required relatively long exposure times: both the absorption contrast and phase contrast images were measured for 13 h. The absorption contrast is very poor, while the phase contrast image displays excellent definition of edges, interfaces and internal defects in the materials. 
Phase Contrast Imaging of Shielded Objects Using a-Si Detector
Phase contrast images of a 38 × 38 × 5 mm Al plate with a ~150 µm wide crack were measured using a 6 Li:ZnS scintillator coupled to an a-Si flat panel detector. The resolution of the detector was 127 µm, comparable to the width of the crack and all measurements were performed with a 5 × 5 mm aperture size and 5 m between aperture and detector ( Figure 23) . In an absorption contrast image obtained with the sample in contact with the detector, the outline of the Al plate was visible but negligible absorption contrast prevented the hairline crack from being observable (Figure 23 , top center). For phase contrast images, the sample was moved 0.5 m upstream from the detector. The large aperture size was chosen to maximize flux but, in the phase contrast configuration, at the expense of a low, ~0.5 mm, geometric resolution resulting in blurring of the object. Despite a geometric blur larger than the feature size, phase contrast images clearly enhance the outer edges of the Al plate and the crack (Figure 23, top right) . In this configuration, the crack could be visualized Figure 22 . (a) photograph of Pb and aluminum wire object (b) cold neutron radiograph (c) phase contrast image using the propagation technique. The neutron images were taken with a MCP detector.
Phase contrast images of a 38 mm × 38 mm × 5 mm Al plate with a~150 µm wide crack were measured using a 6 Li:ZnS scintillator coupled to an a-Si flat panel detector. The resolution of the detector was 127 µm, comparable to the width of the crack and all measurements were performed with a 5 mm × 5 mm aperture size and 5 m between aperture and detector ( Figure 23) . In an absorption contrast image obtained with the sample in contact with the detector, the outline of the Al plate was visible but negligible absorption contrast prevented the hairline crack from being observable (Figure 23 , top center). For phase contrast images, the sample was moved 0.5 m upstream from the detector. The large aperture size was chosen to maximize flux but, in the phase contrast configuration, at the expense of a low,~0.5 mm, geometric resolution resulting in blurring of the object. Despite a geometric blur larger than the feature size, phase contrast images clearly enhance the outer edges of the Al plate and the crack (Figure 23, top right) . In this configuration, the crack could be visualized with exposure times as short as 1 min which will facilitate future phase-sensitive tomography experiments. The sample was also measured surrounded by Al shielding of varying thickness to demonstrate the ability to detect small features or defects deep within a material. The crack was clearly visible surrounded by 8 cm of Al ( Figure 23 , bottom center) and remained detectable with shielding by up to 20 cm of Al (Figure 23, bottom right) . For greater thicknesses, additional blurring originating from scattering events in the shielding material obscured the phase contrast of the crack. 
Conclusions
The broad energy range covered by LANSCE neutron sources and the imaging techniques that have been and are being developed for cold, thermal, resonance and high-energy neutrons show great promise. Properties including spatial resolution, isotope sensitivity, uncertainties for density measurements and so forth are being improved. These properties depend on experimental parameters that are often being changed for different imaging situations. Systematic investigations of spatial resolution and contrast, as well as optimization of imaging flight paths are ongoing. Thus, it is difficult to provide a fixed set of specifications for LANSCE imaging parameters, rather a range of values must be given.
Imaging and quantification of individual isotopes in complex samples is a powerful tool that can advance both science and manufacturing. High-energy neutron imaging addresses imaging challenges requiring highly penetrating radiation and cold neutron imaging enables thin objects to be studied with good contrast, even transparent materials can be imaged in great detail using neutron phase contrast methods. Laser-driven neutron sources show great promise, having small source dimensions, short pulse lengths and directed beams. The TRIDENT laser was recently 
Imaging and quantification of individual isotopes in complex samples is a powerful tool that can advance both science and manufacturing. High-energy neutron imaging addresses imaging challenges requiring highly penetrating radiation and cold neutron imaging enables thin objects to be studied with good contrast, even transparent materials can be imaged in great detail using neutron phase contrast methods. Laser-driven neutron sources show great promise, having small source dimensions, short pulse lengths and directed beams. The TRIDENT laser was recently decommissioned but other laser-driven neutron source options are being studied. In addition, lower-cost, compact neutron sources are being developed that make neutron imaging both portable and available to more users for wider application, see for example [86] . Identifying and developing new applications of these techniques will be essential for the future.
